OBJECTIVEdFibroblast growth factor (FGF)-21 is an endocrine factor with potent metabolic effects. Its day-night patterns of secretion and/or its physiological response to energy deprivation and relationship to free fatty acids (FFAs) and/or leptin remain to be fully elucidated. We aim to elucidate day-night pattern of FGF-21 levels and its relationship to FFA, to assess whether energy deprivation alters its circulating patterns, and to examine whether leptin may mediate these changes.
F ibroblast growth factor (FGF)-21 is an endocrine factor predominantly expressed in the liver (1) that acts as a potent regulator of glucose and lipid metabolism (2) . FGF receptors are expressed in pancreatic b cells of adult mice, and dominant-negative mutations of the FGF receptors lead to decreased number of b cells and development of diabetes (3) . Administration of FGF-21 in rodents reduces plasma glucose and triglycerides to near-normal levels and improves insulin sensitivity independent of reduction in body weight and adiposity (2, 4) . In humans, FGF-21 is positively correlated with glycemia, adiposity, fasting insulin, and triglycerides, and is significantly higher in obese than in lean subjects (5, 6) . The higher FGF-21 levels suggest the possibility of an FGF-21-resistant state in obesity (7) . Recently, high plasma FGF-21 levels were found to be an independent predictor of diabetes (8) , highlighting its metabolic role in humans.
Despite significant roles in metabolic regulation and energy homeostasis, the physiology of FGF-21 in humans, including its biological rhythm in states of energy deprivation, remains unclear. A previous study reported the absence of any diurnal variation in FGF-21 in healthy subjects (9) . Other studies in contrast reported the presence of a circadian rhythm, with varying response to fasting (10) (11) (12) (13) . Furthermore, although free fatty acids (FFAs) have been shown to be a positive regulator of FGF-21 production through the activation of peroxisome proliferator-activated receptor-a (14) , the relationship between FFA and FGF-21 in both physiological conditions of energyrepleted and energy-deficient states in humans remain unclear. The lack of consistent data for its biological characteristics and its potential interaction with lipolysis hampers a clearer understanding of its biological role in humans. Importantly, despite the substantial interest in FGF-21 as a therapeutic target in diabetes, there is lack of knowledge of potential day-night variation pattern and responses thereof in the energy-repleted and energy-deprived states, and it remains unknown whether any effects of the energy-deprived condition could be mediated by energy deprivation-induced changes of leptin levels. Such findings could have significant ramifications on how various clinical studies of FGF-21, each using varying sampling time and conditions, can be robustly interpreted.
Leptin is an adipocytokine with a pivotal role in signaling energy availability in the energy-deficient state (15) . Energydeficient states, leading to hypoleptinemia, induce several neuroendocrine adaptations facilitating the mobilization of alternative energy sources via processes such as lipolysis (15, 16) . FGF-21 levels have been previously shown to be elevated in subjects with anorexia nervosa, a condition characterized by hypoleptinemia (17) . Moreover, circulating levels of FGF-21 have been shown to be strongly related to leptin levels in both anorectic and normal weight women (18) . We have previously shown that decreasing leptin levels mediate some of these neuroendocrine adaptations to starvation in mice (19) and humans (15, 20, 21) . However, it is unknown if an interaction exists between leptin and FGF-21.
In this study, we aimed to examine the relationship between FFA and FGF-21, and to elucidate the biological rhythm of FGF-21 in both energy-replete and energydeficient states. We also aimed to determine whether an interaction exists between FGF-21 and leptin in view of previous studies highlighting a relationship between FGF-21 and energy homeostasis. These studies present a comprehensive examination of the biological characteristics of FGF-21 and clarify the relationship between lipolysis and FGF-21 in humans, thereby shedding light on the role of FGF-21 in energy homeostasis and diabetes in humans, and thus paving the way on how future clinical studies of FGF-21 can be interpreted.
RESEARCH DESIGN AND
METHODSdSix young, healthy, and lean women (age, 22.8 6 3.4 years; BMI, 21.7 6 2.2 kg/m 2 ) who were eumenorrheic were enrolled in a clinical research center-based, randomized, cross-over interventional study involving three separate 5-day-long inpatient admissions (22) . Six subjects with a cross-over design, enabling paired comparisons, would provide 80% power to detect a difference of 1.4 SD between different conditions at the conventional a=0.05 level. In the first admission, the subjects were studied in the isocaloric fed state, whereas in the following two admissions the subjects were studied in the prolonged fasting state for 72 h and were randomized to receive either placebo or metreleptin at replacement doses. A cross-over to the opposite arm took place in the later admission so that all six subjects received both placebo and metreleptin. The subjects were admitted on day 1 at 9:00 P.M. the night before the commencement of the study on day 2. The study concluded after the 3-day intervention and ended on day 5, when they were discharged after the last bloodtaking at 8:00 A.M.; the study admissions were separated by at least 8 weeks to enable adequate washout and recovery of metabolic status. All subjects had a regular menstrual cycle and were not using any medications, including oral contraceptive pills. Study visits were standardized to occur between the days 6 and 11 of their menstrual cycles.
In the fed-state study, subjects were given a standardized isocaloric diet with breakfast at 8:00 A.M., lunch at 1:00 P.M., dinner at 6:00 P.M., and a snack at 10:00 P.M. daily. Caloric intake was distributed with 20% of calories from breakfast, 35% from lunch, 35% from dinner, and 10% from the evening snack.
In the prolonged fasting studies, subjects received only caffeine-free and caloriefree liquids for 3 days, which included NaCl (500 mg), KCl (40 mEq), and a standard multivitamin daily. Starting at 8:00 A.M. on day 1 of the fasting/leptin admission, metreleptin was administered as a subcutaneous injection every 6 h for 3 days, at a dose of 0.08 mg/kg per day on day 1 and 0.2 mg/kg per day on days 2 and 3, on the basis of previous pharmacokinetic studies (23) (24) (25) . During the fasting/placebo admission, a buffer solution of similar volume was administered subcutaneously every 6 h, similar to the leptin arm.
All physical activities, light-dark intervals, and blood sampling schedule were standardized for all three studies. On day 3, blood was drawn through an indwelling intravenous catheter every 15 min from 8:00 A.M. on day 3 until 8:00 A.M. on day 4, and then was pooled every hour to meet the assays' sample volume requirements.
The study protocols were approved by the Institutional Review Board of Beth Israel Deaconess Medical Center, and written informed consent was obtained from all the subjects. Clinical-quality metreleptin (formerly known as r-metHuLeptin) was supplied by Amgen Inc. (Thousand Oaks, CA) and administered under an investigational new drug application submitted to the Food and Drug Administration.
Assays
Serum FGF-21 was measured by ELISA (R&D Systems, Minneapolis, MN), with a sensitivity of 4.67 pg/mL, intra-assay coefficient of variation of 2.9-3.9%, and interassay coefficient of variation of 5.2-10.9%, in accordance with the manufacturer's instructions. All serum samples were stored at 2808C until analysis and were analyzed in duplicate. Leptin and insulin levels were measured as previously reported (22) . FFA levels were measured by an enzymatic colorimetric assay (Wako Diagnostic USA). Glucose was measured by an automated analyzer (Hitachi cobas c311; Roche Diagnostics).
Statistical analysis
Statistical analysis was performed using Stata version 12 (Stata Corp, College Station, TX). Descriptive statistics are presented as means 6 SD. Normality of the variables was evaluated using the ShapiroWilkes test. Variables that were not normally distributed were normalized using the appropriate, for each time, transformation. Analysis for the existence of any potential day-night variation pattern in FGF-21 and FFA levels and crosscorrelation analysis between FGF-21 and FFA circulating levels were performed, at the level of each individual, using the COSINE and CORRELATION algorithms of the Pulse XP software accordingly (UVA Pulse Analysis Software, Charlottesville, VA). In addition, we performed trigonometric ordinal least-squares (OLS) regression analysis on the data from all subjects, estimating the parameters of FGF-21 oscillations and the adjusted coefficient of determination (R 2 ). Comparisons between mean FGF-21 and FFA levels across the three states were performed with hierarchical mixed-effects linear models. The 24-h trajectories of the analytes were expressed as a linear function of time at the level 1 of the model, and "state" was introduced as a level 2 predictor using dummy encoding. The optimal model was selected based on Akaike information criterion and Bayesian information criterion. Normality and homoscedasticity of residuals and random effects were verified through frequency histograms and box plots. Area under the curve (AUC) of FGF-21 was estimated using the trapezoid method and correlations of the change of FGF-21 AUC and the change at the levels of different hormones were analyzed using simple linear regression. Comparisons between baseline levels and AUC across the three groups were performed with repeated-measures ANOVA because of the cross-over design of the study. Significant comparisons were further analyzed with post hoc paired comparisons using the least significant difference correction for multiple comparisons. All P values are two-tailed and the a criterion was set to 0.05.
Approximate entropy
Approximate entropy (ApEn) is a modelindependent regularity statistic developed to quantify the orderliness of sequential measures (26) , such as hormonal time series. Values close to zero denote a high degree of orderliness in the data, whereas higher values nearer to 1.0 indicate a great degree of disorderliness. Two input parameters, window length (m) and tolerance (r), were specified to compute ApEn. For this study, we calculated ApEn values for each leptin profile with window length of m = 1 and tolerance parameter r = 0.20 of the average SD of the individual subject's FGF-21 time series. We used 10,000 Monte Carlo simulations to calculate the ApEn in our FGF-21 time series data. All calculations were performed with ApEn algorithm of Pulse XP software.
RESULTS

Fed state
Our four-parameter, sine, OLS regression analysis revealed a significant day-night variation pattern of circulating FGF-21 levels during the isocaloric fed state. The estimated oscillation of FGF-21 levels had a period of 27.86 6 2.76 h (P , 0.001), amplitude of 60.988 6 5.866 pg/mL (P , 0.001), and mean hormonal levels of 98.75 6 6.67 pg/mL (P , 0.001). The adjusted coefficient of determination (R 2 ) of our final model was 48.28% (P , 0.001), suggesting that a significant proportion of circulating FGF-21 levels variability could be explained by an underlying day-night variation pattern (Fig. 1A) . Linear regression analysis revealed no association between FGF-21 levels at 8:00 A.M. and FGF-21 AUC in the fed state (b = 0.603; P = 0.204). FFA 24-h pattern exhibited a pattern of day-night variation similar to FGF-21 in the fed state with OLS regression analysis (Fig. 1B) . We have further analyzed FGF-21 and FFA levels of each individual alone using the COSINE algorithm of the PulseXP software (as described in the statistical section analysis), in which the day-night variability of each subject was compared against the error of the assay. This analysis, on an individual basis, also revealed the presence of a day-night variability pattern in both FGF-21 and FFA during the fed state, with parameters, similar to the ones summarized in Figs. 1A and B.
The adjusted coefficient of determination (R 2 ) that reflects the percent of the variability that is explained by an underlying day-night pattern is very high (R 2 = 48.28%; P , 0.001). This enables us to report with great confidence that there is clinically important day-night variability. Clinically important day-night secretion patterns traditionally have been associated with adjusted coefficients of determination .15%. As an example, studies of cortisol, a hormone with well-established circadian patterns of secretion, have revealed an R 2 of .30% in similar models with the same sample size (27) .
Energy deprivation state with 72-h fast and placebo replacement Serum leptin levels decreased to ,20% of baseline in response to energy deprivation (14.66 to 2.78 ng/mL; P , 0.001). Normalized AUC of FGF-21 levels were significantly higher during energy deprivation compared with the fed state (P = 0.0066) ( Fig. 2A) . Linear regression analysis revealed no association between FGF-21 levels at 8:00 A.M. and FGF-21 AUC in the fasting state (b = 0.56; P = 0.25). OLS regression analysis revealed absence of any clinically significant day-night variation pattern of circulating FGF-21 levels during the energy deprivation state. Similar to FGF-21 levels, circulating FFA levels do not exhibit any clinically significant daynight variation pattern while in the fasted state (adjusted coefficient of determination 9.31%).
Energy deprivation state with 72-h fast and leptin replacement Leptin replacement restored leptin levels to normal physiological range as previously reported (22) , but had no effect on circulating FGF-21 levels. FGF-21 AUC during leptin replacement remained significantly higher compared with the isocaloric fed state (P = 0.0079) and was not statistically different from the AUC in the fasting state (P = 0.9165) (Fig. 2A) . Similar to the fasting/ placebo arm, OLS regression analysis revealed absence of any clinically significant day-night variation pattern of circulating FGF-21 and FFA levels.
ApEn
During fasting, the ApEn of the FGF-21 time series decreased from 0.731 6 0.096 to 0.588 6 0.114 [Tukey honestly significant difference (HSD) corrected for multiple comparisons, P , 0.05], whereas leptin replacement therapy restored ApEn back to 0.712 6 0.102 (Tukey HSD corrected for multiple comparisons, P , 0.05) (Fig. 2B) .
Relationship between changes in FGF-21 AUC with other hormones/ substrates during fasting Other hormones and substrates of interest, including insulin, FFA, and glucose, were analyzed to elucidate possible association with the increase of FGF-21 during energy deprivation. There were no correlations between changes in insulin (P = 0.539), glucose (P = 0.12), and the increase in FGF-21 levels after fasting. However, FGF-21 AUC increased with a quadratic relationship to the increase in FFA AUC after fasting (standardized regression coefficients: linear b = 22.31; quadratic b = 3.22; adjusted R 2 = 99.79%; P , 0.001) (Fig. 2D) ; individuals who exhibited the largest increase in the FFA levels from the fed to the fasting state also exhibited the largest increase in the FGF-21 levels.
Relationship of FGF-21 with FFA FGF-21 levels were cross-correlated with FFA levels both in the fed and the fasting states (Fig. 3) . Cross-correlation analysis demonstrated that the 24-h circulating pattern of FGF-21 was closely associated to the FFA 24-h pattern in both fasting and fed states. While the subjects were in the isocaloric fed state, four out of six subjects exhibited significant positive cross-correlation ranging from 0.35 to 0.81 between FGF-21 and FFA levels at 2-to 6-h lag, demonstrating that high levels of FFA were followed by high levels of FGF-21 with a 2-to 6-h lag (Fig. 3) . Similarly, during the fasted state, in four out of six subjects FGF-21 and FFA levels were positively cross-correlated (0.25-0.52) at 5-to 8-h lag, demonstrating that high levels of FFA were followed by high levels of FGF-21 with a 5-to 8-h lag. At the high level of FGF-21, FFA was noted to momentarily decrease before recovering to high levels subsequently in both fed and fasting states. Regarding the subjects who did not exhibit significant cross-correlation, there were two subjects in the fed and two subjects in the fasting condition. One of these subjects was the same in the fed and fasting conditions. The other one subject who did not exhibit cross-correlation was different between the fed and fasting states.
CONCLUSIONSdWe report herein, using a controlled interventional study design, that FGF-21 levels display a day-night variation pattern in the fed state in young lean females. We also demonstrate that FGF-21 levels are increased in care.diabetesjournals.org DIABETES CARE, VOLUME 36, APRIL 2013 937 response to energy deprivation via a leptinindependent pathway and that leptin replacement in energy deprivation restores the ApEn of FGF-21 time series, although it has no significant effect in restoring circulating FGF-21 levels per se. Finally, FGF-21 is closely related to FFA levels in both fed and fasting states, indicating a relationship between the process of lipolysis and FGF-21 levels.
Studies describing day-night variation of FGF-21 are contradictory, with one study demonstrating the absence of any diurnal variation in healthy subjects (9) , whereas other studies report its presence (11, 12) . In this study, we demonstrate the presence of a day-night variation pattern of FGF-21 with a peak in the early morning and a nadir in the early evening in young, lean female subjects in the fed study, suggesting a role of FGF-21 in maintaining energy homeostasis during the hours of sleep. In the fed state, FFA was similarly noted to exhibit a day-night variation pattern with higher levels in the early morning, signifying increased lipolysis in the early hours of the morning. During sleep, decreased food intake incites lipolysis and gluconeogenesis to maintain energy homeostasis. Although a causal relationship between FGF-21 and the process of lipolysis cannot be proven with the current study design, the cross-correlation between FFA and FGF-21 indicates an association between the nocturnal increase in FFA and FGF-21 levels. A recent study established a link between retinoic acid receptor-related orphan receptor-a, a nuclear hormone receptor that plays a critical role in lipid metabolism as well as in regulation of the circadian rhythm, and in FGF-21 expression (28) . Another study showed that PGC-1a-mediated reduction of FGF-21 expression is dependent on Rev-Erba, a transcriptional repressor important for maintenance of the circadian clock and lipid metabolism, suggesting that FGF-21 may be controlled by the same set of circadian clock regulators in humans (29) .
The response of FGF-21 levels to fasting remains unclear to date. Galman et al. (9) reported no change in FGF-21 levels after a 2-day fast or feeding of a ketogenic diet. Similarly, Christodoulides et al. (13) reported no significant variation in FGF-21 levels during 48-h fasting followed by a 24-h refeeding. Yu et al. (12) reported a significant increase in FGF-21 levels during overnight fasting, although the increase diminished at the end of a 24-h fast. If the postulation that the day-night variation of FGF-21 demonstrated herein is related to overnight energy deprivation-induced lipolysis, then we hypothesize that FGF-21 levels should be increased in association with adequate fasting-induced lipolysis. This study clearly demonstrates an increase in FGF-21 in response to 72 h of fasting, i.e., a period clearly longer than that in previous studies. Besides the increase in its levels with fasting, the day-night variation pattern of FGF-21 shown in the fed state was abolished. Similar responses in both the placebo and leptin arms in this study reinforce the reproducibility of the FGF-21 increase in response to fasting. The fasting-induced FGF-21 increase observed here is in agreement with data reported by Galman et al. (9) that demonstrated that prolonged fasting of 7 days with significant ketosis increased FGF-21 levels. The discrepancy in relation to other studies could be secondary to the shorter duration of fasting (11, 13) , different assays used (10-13,), different genders studied (13) , and design of these studies. In particular, we found a poor correlation between a single early morning determination of FGF-21 and the total FGF-21 levels over the course of a 24-h period as determined by the AUC. Therefore, studies utilizing a single determination of FGF-21 level at a specific time point may not represent FGF-21 physiology fully (10, 12, 13) . It is also possible that a sex dimorphism might exist in FGF-21 physiology, considering that a sex difference exists in lipids metabolism (30) . These questions remain to be fully addressed by future studies in both genders in the fed and fasting states.
The increase of FGF-21 in response to fasting indicates a possible role of this molecule in mediating some of the metabolic adaptations in energy deprivation. Studies in rodents have demonstrated an increase in FGF-21 levels in fasting induced directly by peroxisome proliferatoractivated receptor-a in liver (31, 32) . Peroxisome proliferator-activated receptora regulates the utilization of fat as an energy source during starvation and is the molecular target for drugs used to treat dyslipidemia. These studies in rodents identify hepatic FGF-21 as a regulator of lipid homeostasis and highlight a physiological role in adaptation to a low-energy state for this hepatic hormone. We herein demonstrate a positive relationship between the increase in FFA in response to fasting and the increase in FGF-21 levels, with subjects having higher FFA levels also having a greater increase in FGF-21 levels (Fig. 2C) . Moreover, FFA levels were observed to precede the peaking of FGF-21 by a few hours, suggesting that the increase in FFA might have a role in inducing the peaking of FGF-21. This is supported by previous observations in which the physiologically elevated FFAs induced by lipid-heparin infusion were reported to increase circulating FGF-21 levels in humans (33) . Interestingly, apart from the observed increase in FGF-21 levels that followed after the peaks of FFA, FFA levels were noted to decrease momentarily after the peak of FGF-21 levels in this study, suggesting a possible feedback interaction between FFA and FGF-21. This observation is consistent with recent studies demonstrating that FGF-21 may play a role in inhibiting hormonestimulated lipolysis in human and murine adipocytes (34, 35) . Although causality remains to be proven by future interventional studies, the present findings highlight the possibility that FGF-21 may represent part of a feedback regulatory mechanism that serves to provide an alternate source of energy substrate during We then focused on leptin, the prototype adipokine, the levels of which herein decreased to ;20% of baseline in response to 72 h of fasting in this study (22, 36) . Leptin plays a role in signaling some of the neuroendocrine adaptations in response to energy deprivation (21) . To investigate whether the decrease in leptin levels during energy deprivation is associated with the increase in FGF-21 levels, we administered metreleptin to our subjects in doses calculated to restore physiological circulating levels as previously reported (23, 24) . Leptin administration did not change FGF-21 levels compared with fasting and placebo administration, concluding that the increase of FGF-21 levels in energy deprivation was mediated via a leptin-independent pathway. However, the ApEn of the FGF-21 time series was restored with leptin replacement. ApEn is a statistical test that has been introduced as a quantification of regularity of data (26) , with higher values indicating a higher degree of disorderliness. ApEn correlates with "occult" or subclinical changes often undetected by classical time series and is predictive of subsequent clinical changes. Within endocrinology, ApEn has been used in multiple ways to determine subtle disruptions in pathophysiologic hormonal secretory patterns for many hormones, including insulin, growth hormone, and cortisol (37) (38) (39) . The effect of leptin in restoring ApEn of the FGF-21 time series is intriguing and could possibly herald subsequent changes in FGF-21 metabolism, which may take longer to be detected than the current study duration. Future studies using a longer duration of time series examining physiology of FGF-21 with leptin replacement might shed light on the observation of ApEn restoration of FGF-21 with leptin.
Our study has several strengths. The subjects and study conditions were highly standardized, with all subjects studied at the same period of their menstrual cycle and receiving similar isocaloric diet, activity level, and uniform light-dark interval. The long duration of interval between study visits allowed adequate washout and recovery of metabolic status. Blood sampling was frequent, resulting in a high temporal resolution in our time series, allowing us to conclude on the presence of a day-night pattern of FGF-21 secretion with great confidence. The cross-over design of the study maximizes standardization and eliminates any potential confounder. The FGF-21 assay used in the study has been thoroughly evaluated and all the assays were performed in duplicate by operators blinded to the study hypothesis, eliminating any measurement bias. The number of subjects provided adequate power, and the frequent blood sampling, cross-over design, and strict standardization of study conditions enhance the study quality.
Some limitations have to be addressed. Our study is confined to lean, healthy female subjects; therefore, our results should not be generalized to male, obese, or diabetic subjects. The current study design has allowed us to infer on possible interaction between FGF-21 and FFA, although causality remains to be proven.
In summary, this study contributes toward elucidation of FGF-21 physiology by demonstrating that FGF-21 displays day-night variation pattern in the fed state and is increased in energy deprivation via a leptin-independent mechanism. We also show for the first time that leptin replacement restored the approximate entropy of FGF-21 time series, but not the energy deprivation-induced changes of FGF-21 levels. Finally, we demonstrate that the day-night variation and the increase of FGF-21 production in response to fasting are closely related to FFA levels. The knowledge of these biological characteristics of FGF-21 is critical for future clinical studies to plan the timing and the situations in which samples are collected to evaluate FGF-21 levels across different individuals or groups with comparable results. Furthermore, given the significant role of lipolysis in insulin resistance and diabetes, the relationship between FGF-21 and lipolysis elucidated in this study paves the way on how future studies on FGF-21 and diabetes can be interpreted. Further studies are necessary to replicate these data in men, given the gender dimorphism in lipids metabolism (30) , and to delineate the precise interactions between FGF-21 and all other hormones and substrates involved in energy homeostasis to clarify the metabolic role and clinical applications of FGF-21 in humans.
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